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SUMMARY

Primary effiort during the second quarter was directed toward specific task accomplish-

mentis in all phases of the program. Emphasis was made on obtaining test data for environ- -

mental, solid-state thermal, and .mechanical oroperties of "THERMO-LAG" T-500
materials. This was for the purpose of characterizing the materials for the space environ-
ment modes of heat transfer and structural loading of a thermal protectwe coating for
a manned spacecraft.

PHASE 1.

Solid-state thermal properties that would characterize "THERMO-LAG" T-500 materials
for low-vacuum space environment and the modes. of heat transfer were conducted. Total
normal emittance measurements and gas chromotograph analysis tobe reported in the next
quarter will compiete the thermal property tests of the Phase I task.

An analysis of the design of the model for the gap tests was conducted. These tests which

- will indicate the effect of gap dimensicns on substrate material temperature will be con-

ducted during the next reporting period.

Modifications to the in-house radiation facilities were instituted during this reporting
period. The modifications will allow incident heat phases to about 25 BTU/ FTz-SEC tn
complete the radiation ablation test mairix for 25 to 50 BTU/FT2-SEC incident heat flux,
The facilit.es and equipment capabilities of appropriate research comparics have been
investigated. It is anticipated that these high incident heat flux tests will be conducted
in the next reporting period. Other thermal performance tecsts to be conducted within
the next reporting pe.-od will be for the simulated trajectories of the Apollo spacecraft.

PHASE I,

Tests for teusile strength and elongation, shear strength, flexural strengti. and ultra-
violet exposure mechanical properties were completed during this period. Ar.angements
have been made to conduct the flexural stxffness and acoustical environment tests during
the next quarter.

PHASE Il

Research studies regarding debris layer oxidation were conducted, To accommodate a more
rigorous analysis higher shear tests in the plasma-jet tunnel will be required. Program
checkouts were conducted on the IBM nuwmerical ablation programs. Air-arc flight simula-
tion tests conducted for transient heat',s ~fudics were analyzed for parameter evaluation
of the ablation model.

"IP
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PHASE V.

Surface treatment techniques and secondary bonding materials were investigated. Bond

shear and tensile tests were conducted in (he selection study of an appropriate bonding
mzterial.

PHASE V.

Investigacdions were performed to determine an artificiai technique to cure "THIYRMO-
LAG" 7-500 putty for applicationas joint, gap, and edge filler. Concurrent studies were in
progress on field maintenance procedures and methods for the putty application.

Developme..t was completed on techniques tc caiculate slab stresses in an infinite flat
heat shield on a honeycomb structure subjectcd to a one-dimensional heat flow, and to
simulate a material continuum by a aruss networi. To cocrroborate the truss analogy a
potential energy analysis was performed.
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SECTION |
IMTRODUCTION

This report is intended to convey, clearly and concisely, all work that has been accom-
plished during the second quarterly period of the coniract. The format designed for the
initial quarterly report /Emerson Report 1468) has been followed in this report. The
contractural requirements under Schedule, Part V, B, Quarterly Reports have been met,

Sections -II through V analyze the tests and accomplishments of the tasks performed
during the reporting period.
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SECTION I
PROPERTY AND PARAMETER EVALUATION

THERMAL PROPERTIES (ViRGIN AND CHARRED MATERIALS.)

THERMAL CONDUCTIVITY. Thermal conductivity tests were performed on both virgin
and charred "THERMC -LAG" by a guarded hot plate method as described in ASTM
C177-45. This> method of testing is designed to determine the thermal conductivity of the
material at various temperatures above, at, and below a standard laboratory atmosphere.

The material test specimeus in the virgin state were circular disks 2,5 inches in diameter
and 0 125 inch thick. {See Figure 2-1.)

0.125"
Direction of
Heat Flow

Figure 2-1. Thermal Conductivity Test Specimen
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A series of approximately thirteen successive cbservaticns were made during each test.
The obse-vations ~rere made at irtervals not exceeling one hour.

The recoraed test results were calculated in the manner described in Quarterly Progress
Report No. 1468. Seven tests were conducted on each of the virgin "THERMO-LAG" ma-
terials, T-500-4 snd T-500-6. The results of the tests are illustrated in Figure 2-2. The
data indicates that the thermal conductivity of "THERMO-LAG" T-500-4 is approximately
linear over the temperature range of -150°F -to the sublimation temperature, and can be
reasonably fitted to the empirical expression T |0r47

a3

where the subscript (0) denotes known values.

The plotted data for the T-500-6 material at the temperature ra:ge below 0°F indicates
the increasing influence the glass mesh material hasupon the over-~all thermal conductivity
of "TRERMO-LAG" T-500-6. The thermal conductivity of ine glass mesh material
increases with decreasing temperatures below 0°F. - :
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Figure 2-2. Thermal Conductivity of Virgin "THERMO-LAG" T-500
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Nine tests were conducted on each of the charred "THERMO-LAG" materials, T-500-4 and
T-500-6. The results of the tzsts are illustrated in Figure 2-3, which indicates that over
the test temperature range, the thermal conductivity is essentially constant, being for

" THERMO-LAG" T-500-4 0.036 BTU/HR FT °F
"THERMO-LAG" T-50C-6 ) 0.0379 BTU/HR FT °F

SPECIFIC HEAT. Specific heat tests were conducted onbothvirgin and charred "THERMO-
LAG" materials, T-500-4 and T-500-6. The tests were conducted us‘ng a method of
mixtures with a Parr calorimeter. Mean specific heats were calculated from the lests
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Figure 9-3. Thermal Conductivity of Charred "THERMO-LAG" T-500
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performed at temperatures above and below standard laboratory values by the equation

We Cpt b4y~ t,)

C
ps
We (t52 - tss )

where:
Cps = Specific heat of sample
Wi = Weight of toluene (immersion liquid)
¥; = Total weight of sample
tyy = Initial temperature of toluene
tsy = Initial temperature of sample B
For tsz =tz there exists equilibrium temperatures between sample and toluene.

The results of the conducted tests are presentedin Figures 2-4 and 2-5. Figure 2-4 shows
plots of the mean specific heat of virgin "THERMO-LAG" materials, T-500-4 and T-500-6
.as a function of temperature. The charred "THERMO-LAG'" materiz!s, T-500-4 and
T-500-6, as a function of temperature are given in Figure 2-5. The trenas of the plotted

- data are typical for the types of material tested.

DENSITY. Tests to measure the density of "THERMO-LAG" T-500 materials were per-
formed- in accordance with Msthod A of ASTM D792-50, using a laboratory gravitometer.

_Twelve samples of each "THERMO-LAG" material, T-500-4 and T-500-6, were subjected

to density testing at temperatures of ~150°F to 400°F. The results of these tests are
presented in Figure 2-6. Within the range of experimental accuracy, the densities of the
two compounds correspond and vary in almost a straight line relationship from about 68
LB/FT3 at -150°F to about 59 LB/FT3 at 400°F.

COEFFICIENT OF THERMAL EXPANSION. These tests were performed on both viegin
and charred "THERMO-LAG" T-500 in accordance with ASTM D-696-44. The apparatus
utilized, the procedure followed-to perform the test, and the material specimens tested
were discussed in previous progress reports.
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Figure 2-4, Mean Specific Heat of Virgin "THERMO-LAG" T-500 Versus Temperature

The coefficient of thermal expansion,«, (IN./IN.°C) was calculated between the test
temperature and 30°C above and below test temperaturc using the equation

where:
4L

L

o(:._."".‘é_
2aT

Lensth of test sample at test temperaturé, (inches)

Average of three changes in length of the samples due to heating,. (inches)

4T = Temperature difference, °C, over which the changes in length f the specimen
are measured ’ :
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Figure 2-5. Mean Specific Heat of Charred "THERMO-LAG" T-500 Versus Temperature -

Eight tests were performed on each of the virgin "THERMO-LAG" materials, T-500-4 and
T-500-6.. The results of these tests are illustrated in Figure 2-17, Study of the data

-indicates certain beh avior characterxstlcs of the two materials, i.e:

1. A phase transition from the glass to the elastic state in the temperature regime below -

room.value for T-500-6.

2. The erratic behavior above 250°F mdlcates where T-500-4 began to behave as a viscous
fluid.

For the charred "THERMO-LAG", ten tests were performed on each of the materials,
T-500-4 and T-500-G. The results ot the tests are shown in Figure 2-8.
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VACUUM EXPOSURE. The effect of very low pressure (5 x 10-9 mm Hg), equivalent
to that realized at extreme altitude, on "THERMO-LAG" T-500-4 was investigated. The
"THERMO-LAG" specimens one inch square and 3/8 inch thick were contained in flasks
which were connected to a high vacuum system and evacuated to the desired vacuum. For
the high temperature tests, the flasks containing the specimens were surrounded by a
constant temperature bath.

The weight 1088 per unit area of the "THERMO-LAG raaterial fcr 48-hour periods of
exposure, a given pressure, and for two temperatures was determinei. The results of the
tests are illustrated in Figure 2-9. A study of the recorded data indicutes that a substantial
portion . of the total weight loss occurred within the *rst seven hours of exposure. A
portion of this weight loss is attributed to loss of phy._ically entrapped liquid volatiles.
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Figure 2-8, Coefficient of Thermai Expansion for
Charred "THERMO-LAG" T-500 Materials

THERM AL-CHEMICAL “HARACTERISTICS.

PHASE CHANGE OF VIRTIN MATERL.L. A qualitative investigation using diffe=ential
thermal analysis was continued to determine whether phase changre occur prior to sub-
limation; if the phase changes are endothermic or exothermic; and tc determine the
approximate temperature of sublimation. The¢ apparatus used in the determination was a
Deltatherm Differential Thermal Analyzer and an external! furnace. Both "THERMO-
LAG" T-500-4 and T-500-6 were analyzed, using approximately one gram of pulverized
material for each test. :

Differential thermal analysis compéfes the temperature rise of some standard with that
of the specimen undergoing testing. When the sample absorbs more energy than the

2-9
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Figure 2-14. Deltatherm Thermogravimetric Analyzer
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Test tensile strength was determined by using the recorded data in the standard stress
equations

o wr = Pur

where:

100

90

80+

70

60 |-

o urr = Tensile strength, (LB/IN.2)

Pur = Maximum load carried, (LB)

A = Cross-sectional area of samy.e, (IN.

2)
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Figure 2-16. Thermogravimetric Analysis of "THERMO-LAG" T-500-4 at 5°C/Minute

Heating Rate (2.62 MG Sample Weight)
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The specimen to undergo testing, with a thermocouple attached for measuring its imposed
temperature, vas placed in a shear fixture in the oven. Temperature above room value
was applied and stabilized for conditions of equilibrium, and the automatic programer of
a cross-head travel of 0.05 inch/MIN wag started. The Jeflection of the specimen resulting
from the applied stri.ctural and temperature leads was plotted in the x-y recorder.

The punched shear stress was determined by using the recorded data in the standard
stress equation .

L
S=zx-
where: -

S = Shear strength, (LB/IN.2)
L = Load carried, (LB)

A = Area of sheared edge, (FT2)




Area of sheared edge = x¢,

C = Circumference of the punch tool (wd) , where punch diameter was one inch

X = Thickness of specimen

Thirteen tests were performed on "THERMO-LAG" T-500-6, with six of these tests being
at cryogenic temperatures of 0°F, -150°F, and -250°F. There were also thirteen tests
conducted on the T-500-4 material. Seven of these tests were at the given eryogenic
temperatures., . The results of these tests for both materials are recorded as curves
on Figure 2-28. The reported shear strength is higher for the T-560-6 materizl at room
and elevated temperatur<s as the punched shear isin the direction normal to the laminated
fibers.
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Figure 2-18. Thermogravimetric Analysis of "THERMO-LAG" T-500-6 at 2°C/Minute
Heating Rate (3.3 MG Sample Weight) -
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Figure 2-19, TLcrmogravimetric Analysis of "THERMO-LAG" T-500-% at 5°7/Minute
Heating Rate (3,9 MG Saniple Weight)

For the range of temperatures tested, the results indicate that the T 500-6 material
contains approximately the required percentage of laminated fibers. They contribute to its
higher normal shear stress at elevated temperatures and cause only slightly lower values
than the normal T-500 material at cryogenic .emperatures. The shear stress tests normal
to the structural fibers of the material simulate the approximate effect that normal im-
pingement of micrometeorites, dust, and water particles may have on a heat shield material.

FLEXURAL STRENGTH. The flexural properties of "THERMO-LAG" T-500 were
determined in accordance with ASTM D 790-61A, The equipment utilized for the perform .
ance of the tests consisted of a Research Inc. Material testing unit consisting of an
hydrauliczlly operated, automatically controlled, load frame, an X-Y recorder, and an
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standard, an endothermic process is recorded, and when the sample absorbs less energy
than the standard, an exothermic process is recorded. -

A surnmarized result of the analysis for "THERMO-LAG" T-500-4 and T-500-6 where rates
of «emperature rises of 2 and 5°C/MIN were imposed are illustrated in Figures 2-10 and
2-11. Both materials were anzlyzed in an inert atmosphere. A study of recorded data
indicates that two distinct phase charces occurred for each test. The first endotherm
indicates a phase change in the crystal structure of the suoliming material. The second
endotherm indicates the temperature of sublimation of the subliming material taken as the
point at which the slope change is first okserved. The sublimation tewperature, as indi-
cated in Figurss 2-10 through 2-13 is, on the average, about 550°F for '[-500-4, and 545°F
for W-500-6.
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Figure 2-10, Differential Thermai Analysis of "THERMO-LAG" T-500-4
at 2°C/Minute Heating Rate (Tg = 563°F)

THERMOGRAVIMETRIC ANALYSIS. A qualitative investigation using thermogravimetric
analysis was undertaken to determine the ratesthat "THERMO-LAG" T-500 material loses
weight during the sublimation process at a constant temperature rise, and to determine the
temperature range at which the maximum weight loss of "THEERMO-LAG" T-500 occurs. .
The apparatus used in the determination was a Deltatherm Thermogravimetric Analyzer -
which incorporates an electronic balance and an oven as iiiustrated in Figuve 2-14. Both )
"THERMO-~-LAG" T-500-4 and T-500-8 were analyzed using approximately three to four

milligrams of pulverized material for each test,

2-11
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Thermogravimetric analysis indicates the rate the¢ material loses weight during the sub-
limation of the salt and the occurrence of polymer degradation in "THERMO-LAG" by
recording the weight losses for the appropriate temperature range for a constant heated
rate,

Seven thermogravimetric analyzer tests of two or more rates of temperature rises of 2, 5,
and 10°C/MIN were pertormed on each T-500 material. Figures 2-15 through 2-20 are
llustrative of the proposed heated rates of the performed tests. The plotted data indicate
that the weight loss rates of "THERMO-LAG'"™ T-500 materials during the sublimation
phase are independent of the imposed heated rates. The only diiference is a shift in the
temperature scale for the sublimation phase.
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Figure 2-11. Differential Thermal Analysis of "THFRMO-LAG" T-£00-4
at 5°C/Minute Heating R~te (Tg = 536°F)
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Figure 2-12. Differential Thermal Analysis of "THERMO-LAG" T-500-6
at 2°C/Minute Heating Rate (Ts = 545°F)

MECHANICAL PROPERTIES(PRECAST AND SPRAYED MATERIALS).

TENSILE STRENGTH. To facilitate testing at temperature extremes where utilization
cf conventional extensometers is not possible, tab-end specimens were used to determine
the tensile properties of "THERMO-LAG'" materials, T-500-4 and T-500-6. The material
test specimen modeis are illustrated in Figure 2-21. The equipment used to conduct the
tests consisted of the Research Inc. material testing unit. The equipment i® showa in
Figure 2-22. A specimen in position within the cryogenic chamber for tensue test at the
low temperatures is shown in Figure 2-23,
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Figure 2-13. Differential Thermal Analysis of "THERMO-LAG" T-500-6
at 5°C/Minute Heating Rate (Tg = 545°F)

The low-temperature tests were conducted with a cryogenic chamber using liquid nitrogen
to produce the low temperatures. The chamber being positioned between the load and
stationary frame is the material testing unit of Research Inc. The unit consists of an inner
and outer chamber, ) .

The outer chamber is an oblate sphere 16-inches in diameter and 12-inches in height.

The outer chamber isvacuumed toalowpressure. Specimen holders are connected through
bellows to the stationary and load frames.
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The inner chamber is for testing and is cooled by passage of liquid nitfogen. Itis an
elongated sphere eight-inches in diameter and 10-inches in height. The inner walls have
‘a high-absorptivity coating for the radiant heat transferred from the specimen. The

outer surface wall of the chamber. to minimize radiant heat transfer from

chamber, iz coated with a low~absorpitivity gold paint. Glass windows in the chambers

the outer

allow visual observation of tests, Precise and stabilized specimen temperatures are pro-
vided ty two quartz. lamps within the inner chamber. The lamps can be controlled auto-

matically or -manually,
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The initial modulus stress was determined by using the recorded data in the cguation

where: E= gi
) I3

£ = Initial moculus, (LB/IN.2)
O£ = Stress at elastic limit, (LB/IN.Z)

€s = Strain at elastic limit, (IN./IN.) -

The elongaticn 1t the specimen, €,,,, '(IN./IN.) was determined from the equation

49 max

wher:: € max = W:‘q"

dmax = Total increase in length (IN.} of gage length

Twelve tests were perfcrmed on each of the "THERMO-LAG" materials, T-500-4 and
T-500-6. The tesis were evenly divided between elevated, and cryogenic temperatures.
The results of these tests for both materials are recorded in Figures 2-24 through 2-26.
The tensile strength of the materials, T-500-4 and T-500-6, are plotted in Figure 2-24,
The data indicates the increase in tnnoxle strength that laminated fibers contribute to the
material. Figure 2-25 shows the initial modulus of the materials. The tensile elongations
of the materials are shown on Figure 2-26. The data indicates tne influence the laminated
fibers, with low-ductile strength, hav:z upon the elongaiion of the T-500-6 material.

The curves indicate that due to the metal tabs, there was a stress concentration at the ends
of the "THERMO-LAG'" specimens. At elevated temperatures, the materials were ductile
enough to dissipate this effect and failures in the middle of the test specimens. At the
eryogeiic region of teraperatures, the failures occurred in the bond between the specimen
and the tahb-end, which resultedinthe low recorded values of tensile strength and «leongation
illustrated in Figures 2-24 and 2-26 respectively. . -

SHEAR STRENGTH. Shear stress properties in the direction normal to the flat face
surface of "THERMO-LAG" T-500 were determined in accordance with ASTM D 732-46,
using the punch-type shear tocl. The equipment utilized to conduct the test consisted of
the Research Inc. Material testing unit. For the cryogenic testing series, a cryogenic
chamber using liquid nitrogen was used to produce the low temperatures. The desired
temperatures were maintained by the quartz infrared lamp of the test facility, A specimen

in position within the ecryogenic chamber for testing at the low temperatures is shown
in Figure 2-27.

The material test specimens were 0.25-inch thick blocks two inches square, with a 5/16-
inch hole drilled in the center to accommodate the bolt on the shear tool.

2-18
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infrared over th~t contzins the specimen. For the series of cryogenic tests, a crvogenic
chamber using liw.id nitrogen was used to produce the low temperatures. A specimen
in position within the cryogenic chamber ‘or testing at the iow temperatures is shown in
Figure 2-29.

The material ‘est specimens were rectangular bars of 4.0 x 0,25 x 0.5 ir-hes.

The specimen *~ tauergo testing, with a thermocuuple taped to one end, was placed in a
holder supplied in the test chamber with the specimen span set at 2,678 inches, Ior
elevated temperature tests, temperature was applied, and after it had reached the desired
value and stabilized for canditions of equilibrium, the automatic rate-of-travel of the cross-
head of 0.05 inch/MIN was started. For the lcw-temperature tests, the cryogenic
cha aber was used with liquid nitrogen as the coolant medium. The deflection of the
specimen resulting from the applied structural and temperature 1o2ds was plotted on the
X~y recorder,

woF:.’.’!.‘:::'::;:f“ I
[ -

600 800 1000 1200 1900 1600
TEMPERATURE (‘F)

Figure 2-20. Thermogravimetric Analysis of "THERMO-LAG" T-500-6 at 10°C/Minute
Featirg Rats (4.3 MG Sample Weight)
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The maximum {lexura' strength (& ) in the outer fiber was determined oy uring the

recorded data in the standard stress equation

where:
& = Maximum flexural stress, (LB/FT?2)
P = Applied lcad, (LB)
L = Span of specimen (FT)
6 = Width of specimen, (FT) o

d = Depth of specimen, (¥T)

Fourteen tests were performed on e€ach of the "THERMO-LAG" materials, T-500-4 anc
T-500-€., Seven of these were cryogenic test series performed on each material. The
results of all testsare recorded in Figure 2-30. As would be expected of the two materials,
T-500-6 has the greater flexural strength for the entire range of test temperatures.

Also recorded in Figure 2-3C are the ultraviolet test data of T-500~4 and T-500-6. Three
tests were performed on each material. The recorded data indicates no variation between

these and data from normal tests at room temperatures.
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Figurs 2-22. Research Inc, Material Testing Equipment
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Figure 2-23. Specimen Held in Position for Tensile Test in the Cryogenic Chamber
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Figure 2-217, Specimen Held in Position for .Shéa‘r Test in the Cryogenic Chamber
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SECTION Il

SPACE PERFORMANCE EVALUATION

REENTRY SIMULATION (CONVECTION AND RADIATION).
TEST DESIGN.

This test program was designed to use existing techniques for the evaluation of gross
thermodynamic performance of "THERMC-LAG" T-500 material. Work progressed in
this test program whichk was also desigued to separate the different effects of the environ-
‘ment upon the material sc that the test data could be correlated with theoretical predictions.
The simulation tests conducted during the reporting period were:

1. Variation of cxygen concentration in the plasma stream.
2. Flight sirulation for sidewall heating of Low Pressures.
3. Radiation-ablation performance under purely radiative heat loads.

VARIATION CF OXYGEN CONCENTRATION IN "HE PLASMA STREAM. Tests were cor -
ducted to provide an crder of magnitude estimatz of the importance of debris layer-oxygen
chemical kinetics upon the rate and extent of debris layer -ecession in relation to the
variatic- of oxygen cornceniration in the plasma stream. The test matrix containing the
condit:or: and durations of tests performed and the model geometry are listed in Table 3-1.

Table -2 identifies each test and summarizes the preliminary resulis. The preliminary

data reduction results which irdicate the trends of parameter interdependency associated.

with an oxidizing debris ace presented in Figures 3-1 and 2-2. The analysis and data
reduction of the tests appears in Section IV of this report.

AIR-ARC FLIGHT SIMULATION TESTS. Flight ¢ -~miation Tests weic conducted for
selected portions of a super-orbital reeniry trajecrory. The test matrix ccataining the
conditions, the durations of test runs, model geometry, measured material recession, and
cold wall heat blockage is listed in Table 3.-3. ’

Figures A-29 through A-58 illustrate some results of these tests (3ee Appendix A). The
-curves of the main bondy of the figures show the substrate temperature - time histories
a: the sidewalls of the models. The stagnation temperature of the corresponding model is
plotted in the upper rignt-hand corner of each figure. -
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1 | 420 3 0-14 2,500 1 50 .026
Z 1 40 4 0-15 2,500 1 50 .026
3 | 420 5 0-16 2,500 1 50 .026
4 | 300 8 0-9 5,000 1 110 .026
5 | 300 9 0-11 5,000 1 110 .026
6 | 3c0 | 10 0-13 5,000 1 110 .026
7 | 50 [ 15 0-1 10,000 | 5/8 300 .0290
8 | 150 | 16 C-2 10,000 5/8 300 .0290
9 | 150 | 17 0-3 10,000 5/8 300 .0290
10 | 300 | 21 0-6 15,000 1 110 .00267
11:4 300 | 22 0-17 15,000 1 110 .00267
12 | s00 | 23 0-8 15,000 1 110 .60267

Table 3-1. Variation of Oxygen Conceatration Tests

Figures 3-3 through 3-8 show the results of studies conducted on transient debris layer
formation. Figure 3-3 shows results from previous data and is used for comparison
purpose:. The figures indicate that when the debris layer reaches a constani thickness,
the heat bYlockage parameter :

hot wall heat flux
Hepp ==
mass loss weight

likewise becomes constunt. It should be noted therefore, that short airation will pot yield
results indicative of material performance wheire a constant mass loss rate is assumed.

PADTATION TEST. A series of tests were performed to de‘ermine the ablative pérform-
ance under purely radiative heats. These tests to simulate the thermal environment of a

3-2
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0-3 {5/8 | 150 | 10,165 | 17 301 0 .0291 .022] .20 |.222) 2,280 9,405 279 30,500

0-6 -1 {300 ;14,988 §21 108 15 |.00267 §.268] .17 }.438} 3,180 13,968 101 11,100

0-7 1 ]300 § 15,185 | 22 105 7 1.60265 | .156) .25 | .406) 3,110 | 14,1°5 98.3 11,600

0-8 1 1300 ] 15,052 |23 107 0 | .00266 | .063] .27 |.433) 3,050 | 14,077 120 14,450

0-9 1 3300 ) 49651 8 109 15 1.026 .0681 .30 | .368] 2,910 4,035 88.7 13,350

0-11{ 1 [300] s000] o | 107 | 7 |.0258 [.042].30 |.342}2,780 | 4,110} 85 14,000
0-13] 1 [300] s.220 10 | 109 | o J.026 {.026].31 |.336{2620 | 4270 91 14,600
0-14] 1 [420] 2,488 | 3 | 487 15 |.0255 |.035].19 j.225|2,010 | 1,843 36 13,650

0-15] 1 420} 2,510 } 4 46.8 7 ].0258 |.023}.19 }.215y 1,920 1,895 35.3 13,750

0-16] 1 1420) 2505 ] 6 47.9 0 ].0256 .009] 17 §.17911,780 1,925 36.8 16,900

Table 3-2. Stagnation Point Oxidation Results

vehicle in —acuum eliminate the transpiration cooling phenomenon. The heat blockage be-
comes a function of reradiation, sensivle heating of gases in the debris iayer, chemical
reactions in the debris layer, and latent heat of sublimation of the compound.

Some tests designed to complement the plasina-arc test series were performed at heat
fluxes of 7.4 and 9 BTU/FT2-SEC. These radiant heat fluxes are within the scope of the
aft body sidewall heat fluxes of a superorbital manned spacecraft. The results of the
tests are recorded in Figures 3-9 and 3-10.

MODIFICATION OF CERTAN REENTRY SIMULATION TESTS AND PARAMETER
ANALYSES., -

AIR-ARC GAP CONDITICN TESTS. The effect of discontinuities ia the ablative material
surface that may result from assebly around obseivation windows; inspection hatches,
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access doors, etc., are to be investigated by a series of gap tests. These tests will pro-
vide data which will detevmine the effect of gap width and depth of the thernial protection
received by the substrate material from the "THERMO-LAG" T-500 material.

The body gecmetry of the models to be tested with gaps and their dimensions were reported
in Emerson Flectric’s Quarterly Progress Report Number 1468. The model proposed was
a hemispherical cylinder with three slots, each either normal or parallel to the flow field
for evaluation. A revised conducted design analysis of the test program has resu'ted in
the following modifications, §
1. The gap model will be a v dimensional body with a two-inch diameter cylindriecal
leading edge and a flatplate aft section (see Figure 3-11). The two-dimensional wing
body will contribute to the establisnment of a stable aerodynamie Loundary layer and
better correlation of flat plate heating analysis than the three-dimensional body.
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To maintain an established heat flux over the test area, the leading edge geometry
will be a water-cooled copper hLead.

Each flat face surface of a model will have a single gap. One will be normal to the
flow stream with the other parallelto the flow stream. ‘This zaodification will contribute
to the control of the flow variables that influence the data reduction capability of test.
For the intended data reduction analysis, the thermocouples will be buried in a {iat
face surface at the following positions:

a. At the substrate within the gap.

b. Parallel to the gap measurement point under a smooth surface where the flow
streams will not be influenced by the gap.

2. Direcily in line with the gap measurement point under a smocth surface where
the flow streams will be influenced by the gap.
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“Total Enthalpy {(BTU/LB).

10, 060
Figure 3-2. Heat Blockage Vérsus Total Enthalpy for "THERMO-LAG" T-500
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Temperature histories of the substrate material, the ablative material at the undisturt>d
and disturbed flow stwream region, will be recorded. '.'he actual teraperature hisicries
will be compared to theoretical teraperature histories. Theoretical transient anaiysis
will be run on the IBM ablation program for cases where the material is continuous in a
correspondent environnmient, An index of the Jossof thermal protection will be determined.
1hc substrate temperature bistory under the gap will be compared to those under ihe
undisturbed surfaces for the josition immediately adjacent to, and that removed from, the
gap. The temperature Listory r._corded for the undisturbed flow region will give an in-
dication of the boundary layer characteristics for the heating analysis.

The revised gap test matrix is outlined in tabje 3-4.
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Figure 3-11. Test Gap Model

3-18




I T

frmmmrj

[Pt

Plasmadyne Stagnation Stagnation Stagnation Slot Slot Gap
Test Point Pressure- Heat Flux Enthalpy Depth
(ATM) (BTU/FT2-SEC) | {(BTU/LB) (IN.) (IN.)
—
12 0.007 110 10,000 0.125 0.02
12 0,007 110 10,000 0.125 0.05
12 0,007 110 10,000 0.125 0,1
12 0.007 110 10,000 0,06 10,02
12 0,007 110 10,060 0,06 0.05
12 0.007 110 10,000 - 0.08 0.1
12 0.007 110 10,000 .02 0.2
12 0.007 110 10,09¢ 0.02 0.05
12 0,007 110 ~+0,060 0,02 . 0.1
I
. Taole 3-4, Revised Test Matrix - Air-Arc Gap Tests
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I SECTION IV
PERFORMANCE ANALYSIS AND PREDICTION

“ DEBRIS LAYER RECESSION,

RESULTS OF THE ANALYSIS, To aetermiﬂe by experimental analysis, the surface
i - recession of a carbonaceous debris layer u~der the infiuence of a high energy fluid stream,
v consideration was given to:

1. Oxidation of carbon with oxygen in the fluid stream.

2. Erosion from shear stress exerted mostly by the stripped nitrogen.

The empirical expression would be a function of the carbon surface temperature. Experi-
mental data indicates that recession by oxidation prevails at carbon surface temperatures
approximately 4000°R and below, with erosion by shear stresses predominate at higher
values. -

Predicted values of the reaction rate are iabulated in Table 4-1, Table 4-2 records
experimental daia. Investigation of the tabulated test data indicates that only the rate
controlling term of the Arrhenius equation was used to determine the values for Randn’

A check of th. analytical values was made from a cross plot of recession versus surface

temperature as a function of test time. Vuriation of the parameter from 0 to 1, as the o
term Rjis independent of surface temperature, resulted in almost equivalent values of Rj. ; -
The values of Ry liste? in Table 4-2 we. 2 predicted for the order of reaction, n = 0.25. . :

The -xiasting variatious in the predicted reaction rate constants are 15 percent. A value

-of 100 for Ry gives 10 percent accuracy. -

: Temperature - logjo Kp~o logy0 KrCcos
(°F)
1800 8.8 s o
’ 2500 7.5 5.
P 4000 6.3 ‘ 2.5
o 5300 56 - 1.2

P s Table 4-1, Equilibrium Constants for CO and CO2 at Elevated Temperature
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4
I Mocdel Stag, Part.al Surface Recession Rate Order
= N Enthalpy Oxygen TEMP Rate Constant of
BTU/LB Prassure R Reaction
ATM °F IN/SEC IN/SEC- n
. ATM.%°
0-1 10,000 .00435 3012 |2.5x1073 100 .25
02 10,000 .C0203 2912 2 x 103 97 25
0-1 10,000 00435 3732 |{1.6.:10-3 101 .25
0-2 10,000 .00203 3732 1.2x 103 97 .25
0-1 10,000 .00435 3552 1.0 > j0-3 102 .25
" 0-2 10,000 .00203 3552 8x1073 103 .26
0-1 10,000 .0C435 3192 .28 x 10-3 94 .25
0-2 16,000 .0020% 3192 .22x1073 93 .25
0-6 15,000 .00039 3732 94x10-3 | 107 .25
~
0-7 15,000 .00018 2732 .71 x 10-3 98 25
0-6 15,000 .00039 3552 .501 x 19-3 95 .25
- 0-7 15,000 .00018 3552 .46 x 10-3 102 .25
0-6 15,000 .00039 3462 {.43 x 103 103 .25
0-7 15,000 .00018 3462 |.33x10°3 100 .25
0-9 5,000 .0038 3372 . 1x10-3 100 .25
0-11 5,000 .0018 3232 .20 x 10~ 98 .25
Table 4-2, Exverimer.ial Data and Results of Oxidation Tests
4-2
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Use of the predicted values for the terms n and Ry allows the rate controlling equation
to be expressed in the generalized form dx
d-{ :/OO(PGE )0-25 e ~-36R0°/7

{or the instantaneous reaction rate, and
% 0. 2 _ 36200

-[, d,\: IOO(IDOZ ) '{; e T (O df

for overall recession. The terms are expressed in inches, seconds, atmosphere of

pressure, and °R. The range of variables at which the diffusion controlling and recession

due to oxidation effect equations can be expected to give good correlation to measured

. recession rates are:

Tv.v(°F) 3000-4000
Py, stag (ATM) 6.0001-.006
Hg, stag (BTU/LB) 5000-15,000
For steady state conditions the generalized rate control. ng equation can be used tc predict

virgin material recession rate because it has been observed that both recessicn rates are
same-and coastant. -

OXIDATION AND DIFFUSICN MODEL AND ANALYSIS.

The rate of oxidation of carbon in a high energy air stream is contingent upon th= rate
of the following five processes:

1. Transport of oxygen {o the surface.

2. Adsorption of oxygen impinging on the surface.

3. Chemical reaction between an oxygen molecule adsorbed on ihe surface énd a carbon,
4, Desorption of the products CO from the surface.

5. Transport of CO away from the surface.

The adsorption process mentioned above is activated adsorption or chemisorption where
definite electron bonds correspond to the formation of a productbetween the adsorbate
and the surface,

Processes (1) and (3) are acknowledged as controlling actions, with (3) for the temperature
range below 4000°R and (1) for temperatures at and above. Due to the kinetics at the
herein considered temperatures, no consideration is given for formations of NO and NC
in the analysis.

4-3
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The analysis aséumes that carbon is consumed mostly by surface oxidation, i.e., surface
oxidation preceeds sublimation. Investigators have given the activation energy of surtace
oxidation at about 2.000 BTU/LB of carbon and the heat of sublimation of carbon at about
25,000 BTU/LB.
The main fectures of the analysis can pe illustrated by a simpie physicochemizal model.
The model in which partially dissociated air flows over a carbon surface is shown in
Figure 4-1, E
The event for each of the media are dzscribed by the accompanying rezction:
1. Debris Surface
c + 0 —s (O
2C + 0O —» 2C0
C +COp —> 2CD

2. Gas-Phase Oxidation Zone

2CO * Oy —=—=2= 2CC;

CO + fOp=—= CO2

—— —. . Boundary
#, A Layer
Edge

‘ ~——___ Gas Phase Oxidation
Zone

/ LCebris

Figure 4~1. A Physicochemical Model of Partially Dissociated Air Flow Over
a Carbon Surface
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The reactions at the debris surface are limited to forward reactions. The chemical
reaction rate of the high bond carbon moncxide molecule makes release of the oxygen
atom and readsorption of the carbor atom improbable.

The limiting cases for the gas-phase oxidation zone are:
1. Where the zone is the carben surface or very near to it.

2. Where the zone is at or very near to the edge of the boundary layer.

The first case wili apply primarily to the non-porous carbon surface where mass injection
from inside of the sysiem intc the boundary layer wili be negligible, whe. as, the second
case will apriv to the porous carbon surface where mass injection will be maximum.

The cquilibrium constants for formations of CO and COy can be predicted by the following

expressions: o
L 09 10 k p co =
2
A, 2 2
IDCO
3 A _ —_——
£091 "Pco, Peo - Poa %

The values predicted from the above expressions for rate formations of CO and COq9
for elevated temperatures of interest are tabulated in Table 4-1.

The vureceding analysis indicates that an increase in temper:iture increases the ratio
CO/COs. Figuratively, this indicates that an increase in distance between the gas-phase
reaction zo:e and material surface is accompanied by higher valves of the ratio CO/CO3.
The resultant gas-phase oxidation product, CO2, impinging on the debris surface will then
be negligible compared to CO at the herein considered temperitures, Elimination of the
COq reaction allows the rate equation for the contributing re:.ctions to be written by the
expression of Arrhenius o (Poz )7; e- &/RTw

where the symbols appearing here and in remaining sections are defined:
Rt = reaction rate constant, IN./SEC-ATM™
Po, = partial pressure of oxygen in the fluid stream, ATM
= order of reaction, (0<n<l)

activation energy, (40 Kcal/mole)

» ™
oo

gas constant, 1,987 cal/mole - °K’

7w = wall temperature of substrate material, °K
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For rate controlling regimes, reaction rates of surface oxidation is quite insensitive {c
boundarv layer conditions. The provision being thatthe oxygen be sufficient 1. the boundary
layer stoichiometricaily.

The analysis is this point has dealt with controlling oxidation reaction by the chemical
resistance at the surface. Emphasis will now be given to the controliing reaction of
diffusional resistance of the stagnant gas film going away from the Jdebris surface.

'fhe thickness of the gas {film depends ou the velocity of gas past the surface, With
inereasing temperatures above 3500 °R, the chemical resistance at the surface decreases.
At some temperatures then, the effect of chemical resistance will be in equilibrium with
that of diffusional resistance, The event of still higher temperatures will result in dif-
fusional resistunce becoming the controlling reaction. The chemical ~ diffusional transition
is characteristic of the heat transfer phenomena and is a function of the gas velocity.
Indications are that the transition temperature is from 3500 to 4000 “R. The rate equation
for the diffuzion controlling regime can be expressed as

m
R T ¢ poe )V
where symbols not previously defined are:
Rz = diffusional rate constant IN./SEC-ATM"

V  =gas velocity IN./SEC
7 = empirical diffusional constant

In the present treatment the contributions to the recession rate due to oxidation effects
are superimposed in the following way:

- ” m
g?x Ry (Poy )™ &7 + Ry (Po )™V

The contribution of the chemical reaction is represented by the first term. The second
term represents the contribution of the diffusional rate,

In the data reduction, the analysis did not consider the contribution of the diffusional term
to surface rececssion. Additional tests made at higher temperatures should be able to
determine its contributing content. The analysis inilicates the controlling reactions are
additive, There is also the probable indication that the diffusional term will contribute
for close correspondence of predicted and measured recession rates,

MASS !INJECTION.

SUMMARY AND INTRODUCTION. An ablative material that sublimes is recognized as an
effective heat protection system for hypervelocity applications. For this reason the vapor
injected into the boundary layer effectively blocks alarge fraction of aerodynamic heat from
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entering the skin surface. An effective application of a subliming heat shield could be
its utilization for transpiration cooling techniques. Transpiration cooling would aliow
a coolan! medium from within the interior of the vehicle to pass through the porous heat
chield and out intc the high temperature boundary layer of gas. lts etfectiveness will be
due to the following two conditions:

1. The large wetted area within the muititude of nores within the subliming heat shield
results in a high heat exchange between the coolant and the skin.

2. The effect on the boundary laver of the injected medium will have a ccoling aptitude
to reduce the magnitude of heat reaching the vehicle skin surface.

Tae analysis illustrates the built-in attribute of the subliming heat shield for transpiration
cooling technique. Investigations have correlated ‘he transpiration cooling factor oC with
variables involved in a system. The term ol is a measure of the degree of efficiency of
gas injected into the boundary layer and will range from 0 to 1.0. It is commonly presented
as a function of molecular weight as used in the analysis.

The theory of transpiraticn cooling is briefly discussed to present the requirements for an
empirical equation to predict its effectiveness. It is known that cooling the boundary layer

stabilizes the laminar flow. The effect on the downstream flow by the upstream mass
injecticn is analyzed for the contribution of the transpiration cooling factor.

STAGNATION EFFECT.

For steady state ablation the heat transferred from the external stream to the ablating
surface is equal to the sum of the rate of absorption of heat by the ablator and the radiation
from the surface. Thus, considering a unit area of surface

STonUOO {Haw'"Hw)s th +2y

where:

ST. = Stanton No,

Ps = free stream density
Uz = free stream velocity
Haw = adiabatic wall enthalpy
Hys = wall enthalpy

m» = mass injection rate
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%r = heal radiated
H = heat absorbed by mass injected
A nondimensional ablation rate can be written in the form.

» . aH
71/ Py gy = ST 5= 2

also
%o = STy Pax Uoo (Haw - Hw)

Therefore effective heat of ablation 3 * is

: ST

where:
S7 = Stantca No. with mass injection
S7, = Stanton No. without mass injection

ZO = heat transfered without mass injection

L . . S7_ . . . L.
The significance of the blocking ratio, 57, is apparent in the study. This ratio is a

function of Reynolds number, Mach number, rate of ablation, properties of ablating species,
and type of flow field.

Since ho 8H  haH + motaH

y )
o0 = L7
Ll
A
where }, = heat trans coeff, with mass injection
Ao = heat trans coeff, without mass injection
Smaller the h/7, , higher the o<.
The value of o of gases injected can be obtained by measuring the change in heat transfer
coefficient or skin friction and the amounts of gases of known properties and composition

through porous model surface.

Most of the experimental data available was reduced in the form shown in Figure 4-2.
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Figure 4-2. The Variation of h/hg With m/hg for Boundary Layer Flow Conditions

There exist to date two empirical equations correlating with variablec :nvolved. Adams
proposed the following:

For laminar boundary layer o), = ¥ (29 /4i,)"%

where
0.67< N< 0.72
0.2 =ax< 04

M, is the molecular weight of gas injected
29 is the molecular weight of air

For turbulent boundary laysr,
7
“ 7 X '3" O( Z

It is seen from the laminar expression for o equation that the only variakle considered is
the molecular weight of the gas injected.

A second correlation for laminar was proposed by Faulder, and is related to #./A,.
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Derivation was based upon a vaporizing ablator where the term L is constant. The ex-
pression being,

where:

o

1
1+ 0.26[ c29/My) +R %% AH/L

My is the molecular weight of the gas injected

AH  is the enthalpy difference across the boundary layer

L . is the heat blockage by the system otiier than transpiration cocling

Whether the above eguation could be applied to a plastic ablator where the debriz has formed
has not been correlated at present due in particular to the functional relationship between
My and [ with debris surface temperature.

: : i
HH 1 LEGEND
1.0 ghEsd : +40° = Wedge Angle
21 -==  Turbulent
i i L A —— Laminar
N i HfiMolecular Weights
vt : T 4 - He
. 8 {1 25 = Air
12 = Freon
1 Reference: Journal of the Aerospace
224 Bciences, No. 5, 1655 (p. 321) 3
.€ B : i : i
o o = ; : s
& £ 1t !
= T ﬁ it i : & Freon -
4 4 S ik
irHe Sik : i
He it i i Air
Freon-1% T H
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i i t &3 Y i
0 Hitizh (EHEH 2! 5222,
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Figure 4-3. Effect of Molecular Weight of Gas Injected on Heat Tranefer Coefficient
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Figures 4-3, 4-4 and 4-5 illustrate effects of molccular weight of gas injected and flow
conditions on heat transfer coefficients. No correlations on hemispherical models have
been formed at the time of this article. However, it is reasonable to assume ihat same

trend holds for the hemispherical models.

For laminar and turbulent cases, light g2ses are more effective than the heavy gases in
reducing the coefficient, and a large reduction in coefficient results fro:a rather small
transpiration rates. :

At high blowing rates from ablating surfaces the coefficients do not go to zero as indicated
by a simple extrapolaiion. High blowing rates cause transition fur laminar flow and appear
to destroy boundary layer character for turbulent flow.

It therefore becomes difficult to make any seneral statements about the asymptotic values

) of the coefficient for very large blowing rates.

“420° Half Angle Wedge 1l
“ |Refevence NASA TN D- 72) .|}

e

{Molcculd

n/hg

TN IR OO L TN (TR N T R AR T A e T
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Mass Flow ﬁ‘—
0

Figure 4-4. Effect of Weight of Gas Injected on Heat Transfer Coefficient
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DOWNSTREAM EFFECT.

Several studies have been made to determine the downstream effect upon stagnation-point
mass injection. Experimental studies arelimited, but 2 brief discussion can be given here.

. Hoshizaki and Smith arbitrarily defined persistence factor
. o = ( At (/ ..Q.ﬂ

T LAp/( Q¢

. where:

A is total protected surface area

Ap is the area of mass inj.ction
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Qp is effective enthalpy on mass injection area
S Q{ is total effective enthalpy of absorption.

It will be observed from the above expression that the more pervsistent the downstream
effect of the coolant, the larger the Q¢will be and thus the smaller o¢ wil: be. It is,
however, considered a rather crude analysis.

Libby and Cresci made further studiesusing similarity parameters obtained from boundary

layer analysis as defined below -

Ny = (mc/Ro stse ) NAs
/VZ = vau ﬁRao %
he » Hw
where
me is mass flow of injected gas per unit time
R s nondimensionalizihg length (he‘misphere nose radius)
_ise 18 4viscosity coefficient of stream at external of the boundary layer
N, Rop is Reynolds number of free stream
Ny  is Nasselt numbver
F{c is static en'.- ipy ratio of éas injected prior to injection
£, 18T/ Tse at wall
The above parameters permit the exirapolation of test results to other flow onditions
provided that laminar flow prevails. Since thetests of Libby were carried out with a Mach

aumber of 6.0, stagnation pressure of 600 PSIA it becomes questionable if the results
can be applied to cur simulation studics.

It is generally agreed that 20~ 30 times of mags injection at-gtagnation region i8 required
to affect the downstream heat transfer to the magnitude that is obtained at stagnation
region. Downstream heat f}ux will be increased when: .
1, Mass injection at stagnation region causes turbulence at downstream.

2. Exothermic reactions in the boundary layer at downstream.

3. Turbulence caused by geoinetry of downstream.
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SECTION V

STRUCTURAL CONSIDERATIONS
AND APPLICATIONS

STRUCTURAL APPLICATIONS.

DEVELOPMENT OF "THERMO-LAG" T-500 PUTTY FOR JOINT, GAP, AND EDGE
FILLERS. B

Development of techniques for the utilization of "THERMO-LAG" T-500 in the roles. of
joint, gap, and edge fillers were investigated to determine the optimt.in conditions ior’
artificial curing. Successful application of "THERMO-LAG" for these purposes would
qualify it for use in sealing gaps around the windows, hatches, and other orifices of a
super-orbital vehicle. Techniques considered were those having utility under field
conditions.

The T-500 used for the tests was compounded in the normal manner, and reduced to a
doughlike or putty comsistency by the addition of mothl ethyl ketone solvent. The test
specimens were cylindrical patties, hand-shaped to a diameter of approximately {+o inches,
and 5/8-inch thick.

Attainment of the desireddegree of cure wasdetermined by extracting unpolymerized solids
from a vertical cross-section of the cured specimen through a predetermined procedure
using methyl ethyl ketone. Evaporation of the solvent from the test specimen, induced by
a thermonic heating device, left a residue of soluble solids. The percentage of solubles
was calculated by determining differences in weight and the weight of the unextracted
sample. The measured value was used as an index in determining the degree of cure
attained by tie "THERMO-LAG" T-500 putty. An inverse relationship existed between
the percentage of solubles present and the degree of polymerization of the organic bondmg
agent, caused by the aruificial cure technique.

 INFRARED CURING.

this technique utilized a bank of four 375-watt, 115/125-volt Westinghouse infrared heat
lamps, The uncured patties were exposed to these lamps for varying perioas of up to
eight hours. The specimens were placed in a horizontal position directly beneath the face
of the lamps, thus assuring uniform exposure, '

After exposure the degree of cure was determined by the method of extraction described
previously.- The data is presented in Table 5-1.
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Exposure Time Percent Solubles at Percent Soiubles at
6-inch Exposure Distance { 12-inch Exposure Distance

0 24.9 24.9

1 19.8 4.1

2 7.3 18.9

3 5.2 9.2

4 8.2 6.6

5 4.9 -

6 - 7.5

7 4.4 -

R 5.9 . 9.1.

Table 5-1. Degree of Artificially Induced Cure by Infrared Source

The presented data indicates that a rore rapid cure was obtained at a 6-inch exposure
distance. However, two disadvantages occurred at this exposure level, in that salt
cublimation was observed, and some blistering occurred on the iop surface of a few of the
patties. At a 12-iach exposure distance, neither of these two phenomena were observed.
The exposure distance, as a criteria, will be investigated if the infrared technique warrants
continued study.

Patties cured for periods exceedirg three hours displayed a small amount of sait in the
evaporate. The formation caused an increase in the above calculated percentage values,
For the 12-inch exposure distance, the tabulated data indicates a four hour period as
adequate to cure the T-500 putty patties,

ELECTRICAL HEAT INDUCED CURING.

A resistance heating method to cure T-500 putty patties was investigated in the screening
process, The conductive element was a graphite -string obtained from a carbon fabric, 24
grams per square foot, manufactured by Naticnal Carbon Company, Union Carbide Corpora-
tion. The T-500 putty patty was sliced in half in a plane paralle! to the two inch diameter
dimension. The graphite string was sandwiched in between the putty slices in an ‘S’ shape
to allow for a large heating area, The putty sandwich was kneaded together t~ form the
original patty size, The carbou string was equidistant from both surfaces of the patty and
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in a plane parailel to the twe incl diameter dimension,
string were ccane«<ied to a variable AC transformer with small battery clips. A given
current was appliel over 2 one hour period.
recerded. The degree ¢of cure was determined by the previously described extraction
method. The data is presented in Table 5-2,

@

The ends of the 'S’ shaped graphite

Both current and voltage readings were

Exposure Time Amperes Voltage Percent
(Hr) (AC) {AC) Solubles

0 0.0 0.0 24.9

1 0.3 29.6 21.3

1 0.5 32.6 . 16.2

Table 5-2. Degree of Electrical Heat Induced Cure (Single Graphite String)

The above percentage solubles values indicate that little curing occurred. Application of
current in excess of 0.5 amperes caused the carbon string to burn through. An examination
of the interior of eachpatty indicaied tne presence of voids adjacent to the position occupiea
Ly the graphite strings. White salt accumulated on the surface of the voids at a heating
current ~f 0.5 amperes. Some salt sublimation was observed at the point of entrance of the
carbon string into the patty during he course of the experiments. The above phenomena
can be contributed to high hot-spot temperauires.

An attempt to minimize the above disadvantages was made by embedding two graphite strings
in a T-500 putty patty. For the test the patty was cut into thirds. Each graphite string was
sandwiched between freshly cut surfaces in the shape of an ‘S’. The ‘S’ shapes were
arranged so that one laid cross-ways on top of the other with a one-third section of putty
in between. The ends of the graphite strings were connected together to form an ‘S’ shaped
paralles circuit. Current was applied inthe same manner as described above. Voltage and
current readings were taken and the degree of cure determined ty the selected method.
The data is presented in Table 5-3.

The tabulated solubility values indicate that little curing took place. In general, the same
observations were noted as described for the single carbon string system. However, the
size of the voids was observed to have decreased and no salt accumulation was visible.
The conductive element technique does not warrant continued study as a method to cure
T-500 putty.

CHEMICALLY ACCELERATED CURING.
The choice of a chemical accelerator was investigated as a method of curing T-5C0 nutty.

The technique involves the addition of chemical accelerators to the uncured T-500 putty.
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The acc:lerator catalyzes and/or reacts with the organic beading agent in the putty to
cause polymerization or curing.

To d-.e, three accelerators were tested in T-500 putt’. The quantities used were obtained
from published formu:ations on Hycar Polymers. Those used were:

1. Accelerator 808, a condensation product of butyraidehyde and aniline.
2. Thiuram M, tetramethylthiuram disulfide.
5. Accelerater 832, a condensation product of butyraldehyde and butylamine.

The above three are manufactured by E. I. DuPont De Nemours and Company, Elastomer
Chemicals Department, Wilmington, Delaware.

The accelerators were mixed in the putty with a pestle until a uniform, homogeneous mix
occurred. The mix was shapedbyhandinto cyclindrical patties of the previously described
dimensionz. The shaped patties were allowed tv agc in the laboratory at room temperature
for definite time intervals. After aging, vertical cross-sections of each patty were extracted
with methyl ethyl ketone to determine the degree of cure. The data i. presented in Table
5-4.

The tabulated results indicate that Accelerator 808 and Thiurain M had - ¢ efiect on curing.
The first row of dat-, for no additive, is given for comparisc... Accelerator 833 appeared
to aid curing, but only after aging for 79.5 hours.

The process of selecting an optimum artificial curing technique for T~500 putty, facilitating
its intended application, will continue into the next quarterly reporting period.

ATTACHMENT TECHNIQUES.

Speciez sclection studies were performed to determine thebonding technique most suitable
over the O°F - 300°F temperature range. Five general catagories of surface treatment

Exposure Time Amperes Voltage Percent
(Hr) (AC) (AC) Solubles

0.0 0.0 24,9

0.3 12.0 19.8

0.4 ‘ 17.0 17,7

Table 5-3. Degree of Electric Heat Induced Cure (Dnuble Graphite Strings)
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Additive Quantity Present* Aging Time (Hours) Percent
Solubles

0 0 0 24,9
Accelerator 808 2 20,5 20.8
80.0 20,6

Thiuram M 3.5 20.0 20,5
79.5 19.9

Accelerator 833 2 20,5 19.6
79.5 12.6

*Parts/100 parts rubber (Basea on rubber in organic binder used in T-560 putty
formulation).

Table 5-4. Degree of Chemically Accelerated Cure

were studies, and were reported, together with their application proc. ., in the Progress
Reports for the months of January and February, 1963.

Of the catagories, three were mineral acids, reverse etch treated. The mineral acids used
were chromic acid, sulphuric acid, and sulphuric acid plus phosphorie acid. Although
a previous test using a nitric or sulphuric concentrate gave better adhesion, such treatment
involves th¢ risk of excessive hydrogen and the emkbrittlement of the steel. The mineral
acids were tested at temperatures of 77°F, 150°F, and 300°F.

The results of some bond shear strength tests are presented in Figure 5-1.

Further study of the methods of surface treatment indicate the desirability of sandblast
treatment.

Results of bord, shear, and tensile tests performed on sprayed "THERMO-LAG" T-500,
using tiie mineral acid reverse etch, sandblast, and clean treatment techniques are pre-
sented in Figures 5-2 through 5-11.

SECONDARY BONDING.

Studies to determine the adhesive most suitable to meet the conditions imposed by the
temperature environment which varies from -150°F to 300°F werve conducted on five
general catagories of adhes.es. The results of these studies, together with their surface
treatment techniques, were contained in the Progress Reportfor the month of January 1963,
The entities tested were flexible materials of a rubber nature such as polysulfides and
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silicones, semiflexible materials such as urethanes, and rigid, aimost glassy, materials
such as epoxies and phenolics.

These materials were subjected to preliminary screening tests using aluminum "T'"’s
scratched on 1-7/8" x 2" surface specimens. The adhesives were then plentifuily appiied
to both faces of the "T" by brush. The initial cure was at 360°F for one-half hour. Some
specimens required higher curing temperatures, as recorded.

The selection process eliminated Epoxylite 810, requiring the choice of another rubber
adhesive, During this process three phenolics, one silicone-phenolic, one epoxy-phenolic,
two epoxies, and one polysulfide were checked. The epoxies appear to be of questionable
value at temperatures below 0°F.
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Figure 5-2. Bond Shear Test for Mineral Acid CrOg Surface Treatment

During the next quarterly reporting period screening efforts will be continued on the
cementing of molybdenum steel, PH-15-7, to the aluminum "T'’s, and also on the cementing
of the preformed "THERMO-LAG" material to the steel specimens for the bond shear and
tensile tests.

STRUCTURAL ANALYSIS.

STRUCTURAL MODEL. An analysis is presented of slab stresses encountered in air-free
infinite composite plates subjected to a single-dimensional heat flow normal to the plate,
It is proposed that a truss network be substituted for the material in order to facilitate
the calculation of discontinuity of stresses to compensate for the effects of loral! cuntour
and bond flexibility on heat shield analysis.
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Suihstantiation for this proposed substitution is supplied by the problem of an elestic slab
bonded to a rigid base, and subjected to a constant temperature change, and analyzed by the
methods of minimum potential energy and complementary energy. The potential energy
method was chosen to show the displacements occuring in the truss, while the complemen-
tary energy method was choscn for the stresses. Thus, it is evident that if accepiabie
results are produced through incorporation of the truss analogy, then the extension of the
same acalogy to problems involving varying temperatures and material properties would

_be indicated,

A number of truss analysis results are included together with the analysis of the structural
model. Included in the study were single and double diagonal truss networks, and networks
of varying stiffness ratio members.
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RESULTS OF TRUSS ANALYSIS,

The following paragraphs contain the results of the truss analysis of an elastic slab bonded
to a rigid substructure,

Elastic Slab {
Rigid Base

“The elastic slab was assumed to be subjected to a constantly changing temperature and the

resultant surface stresses were calculated,

A general method of analysis of the stresses developed in an elastic panel bonded to a
honeycomb substructure and subjected to a varying temperature environment through its
thickness is evolved. This method permits the material prope. ies to vary as a function
of the thickness. The model considers airee, infiic composite plate. Due to its utilization
as an aft body substructure, the analysis considers the honeycomb structure.
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The truss solutions presented wmake it possibie to investizate the stiffness ratios of a
single diagonal truss network versus a double giagonal truss network, and a 2 x 4 matrix
truss network versus a 2 X 5 matrix truss network.

Included in the considerations are comparisons of the 2xternal disnlacements of the elns<tic
rlab as calculated by the single diagonal neiwork and by the single diagunal network methods
versus a solution determined by the potential energy analysis method.

DISCUSSION OF ANALYSES AND (CNCLUSION. An elastic, homogeneous heat shield
bonded to a rigid substructure and subjected to a constantly changing temperature was
analyzed through the zpplication of the principles of minimum potential energy ar . minimum
complementary energy. These solutions furnished a basis for comparison with the results
derived from tiie truss ne'work simplification of the same problem, If a relatively
accurate evaluation of the stresses and deformations can be“accomplished through appli-
cation of the truss solution, conservation of time can be achieved in tie calculations of
more complex bonding and material combinations.

800

-3
o
o

[=2]
[=]
o

[5))
o
[=]

pormem

(7]

[=4

(=]

g
s

[~
[=]
(=]

Shear Strength - LB/IN, 2
]
[+=]
i
-t
i

100

.
T
!
7
!
H
i
!

’ . . . i g { : )
-300 -200 -100 0 100 200 300
Temperature - °F
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The more rigorous energy methuds can become extremely complex in probiems involving
mixed stresses and strain bourdary conditions, In addition, since the solutions in such
cases require a systematic improvement in approximate valuesuntil a relatively unchanging
solution is achieved, it becomes extremely difficult to utilize generalized geome*rical
variations and material properties in their solution. Due to these factors,-the simplified
truss solution becomes increasingly attractive as a method for evaluating more complex
systems, However, it was felt that t» proceed with the truss network metiiod without
knowledge of its applicability would not represen’ good engincering practice. Thercfore
it was felt imperative to expend the time and ~ffort required to achieve a comparison

of the truss solution of this particular preklem with a sclution obtained through the

application of the standard techniques,

Both the interface stresses and the external displacements of the slab were calculated by
the energy methods. These are shown in Figures §-12 through §-18, The principle of
complementary energy was used for the approximate calculation of the interface siresses,
tite principle of potential energy for the sxternal displacements.

—



In appiying the principle of mirinwure potencial energy through the use of the Rayleigh-Ritz
method, it became necessary to select displacerient functions which satisfied the given
displacenrent boundary conditions of the problem, Gut contained some arbicrariness which
allowed the ¢.crov to be murimized. By varying the degree of arbitrariness while main-
taining a form similiar to the displaccemcnt functions, the final solution was obtained upon
stahilization of the potenticl energy. Fourteen unknowns were required to achieve a
stationary potential energy value.

A two tern. solution employing the complementary energy method has been completed

but was not exact enough fo: an evaluation. Consequently, a comparison of these stresses
with those obtained from the truss analogy are not shown in the results,
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Figure 5-7. Teusile Test for Mineral Acid CrO3 Surface Treatment
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A comparison of displacements of both the single and double diagonal truss network with
the potential energy solution is illustrated in Appendix A. As shown in Appendix A, the
double diagoral truss solution produces the more realistic displacements and, for such a
coarse truss network, the results were surprisingly good. The double dxagonal truss
network will probably be considered exclusively in future work.

The information in Appendix A also compares interface stresses for various truss net-
works, Increasing a single diagonal truss network to a double diagonal network reduces
peak stresses. Maintaining the same geometry but varying the stiffness of the members
has little effect on interface stresses. This indicates that Poisson’s Ratio has very little
influence on this problem. This will be further confirmed by varying Poisson’s Ratio in
the energy solutions and noting the resuilts.

It should be noted that complete agreement of the truss analogy and the energy methods
will not provide sufficient evidence of the validily of the truss analogy sir-: the energy
methods are only approximate. For future study, consideration will be given to comparison
of the truss network with either a classical solution such as a plate with a hole, subjected
to an axial load or a Lame Network.
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ANALYSIS OF THE STRUCTUT AL MODEL.

The problem of an elastic, homogeneous slab bonded to a rigid substructure and subjected
to a constant temperature change was analyzed by applying the principle of minimum
potential energy and the princip.e of minimum complementary energy. A more detailed
descrintion of these theorems can be found in Sokolnikoff’s, "Mathematical Theory of
Elasticity", and in Report No., P-61-17 by Gerald F. Gillis for Rohm and Haas Company.
An important applicationn of these erergy principles relates to their use in obtaining
approximate solutions.

The energy principles were applied through use of the Rayleigh~Ritz method. This method
assumes that a nearly true solution can be represented by a set of functions involving a
limited number of constants. These constants are then obtained by minimizing the energy.

The Rayleigh-Ritz method was applied to the principle of minimum potential energy by
specifying displacements as a function of undertermined constants such that the displacement
boundary conditions were satisfied. Continuity of the assumed displacements guarantees
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Figure 5-10. Tensile Test for Sandblasted Suriace Treatment

satisfaction of the compartibility equations. These displacements were tu<n substituted into
the potential energy expression and the constants were determined by minimizing the energy.
The displacements obtained by substitvting the values of these constants into the assumed
functions will not, in general, =xactly satisfy the equilibrium equations. However, even
though the accuracy of the associated stressesislikely to be poor, this method can provide
a gnod approximation to the displacements.

Ii «pplving the Rayleigh-Ritz method to the principle of minimum complementary energy,
the stresses were assumed to be functions of undertermined constants such that the
equilibriuma equations and stress boundary conditions were identically satisfied. The
stresses were then substituied in the complementary energy expression and the unknown
constants were evaluated by minimizing the energy. These stresses would approximately
sausfy the compatibility equations but, since these equations were not exactly satisfied,
the accuracy of any-dispiacements subsequently determined from such a solution would
be inadequate.
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To summarize the two energy principles, the theorem of minimum potential energy was
applied in cases where displacements and strains were required and the theorem of
minimum complementary energy was best suited for the determination of stresses.

A method was developed for calculating the stresses occurring in the center of a large,
unrestrained composile plaie consisting of an elastic slao on a honeycomb substructure,
subjected to a varying temperature differential through its thickness. The material
properties were allowed to vary as a function of the temperature. Since it was assumed
that plane sections remained plane throughout the temperature change, the strain could
consequently be written in the following manner: ¢ _ ¢ 4+ Kz

where €. and K are constants and Xis the distance normal to the plate. The unknowns

could be determined thru Hooke’s Law and the fact that no net load or moment can occur
through a cross section. The stress at any point appears as g = £ (5, + /(z)

where £ is the modulus associated with Z . The symbols appearing here and in the
following equations may be found in Appendix B.
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Figure 5-12. Coumparison of Stresses (Sheet 1 of 2)
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Case I{v = 0) 2x 5 Cross Diagonal
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cut, this should be more realistic,
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Figure 5-13. Comparison of Stresses (Sheet 1 of 2)
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RELATIVE STIFFNESS OF TRUSS MEMBER FOR CROSS DIAGONAL.

In srder to achieve a bettsr simulation of the material continuum of the elastic slab),
a cross diagonal truss netwnrk was ccnsidered in place of the single diagonal, referenced
in the first Quarterly Report. In the cross diagonai truss it became necessary tc also
determine the relative areas of the diagonals to the horizontal aund vertical inembers.
These areas were determined by matching the shear properties of the truss to the material
continuum tensile properties. Matching of both shear and tensile properties for all values
of Poisson’s Ratio was not feasible. Since this primarily represents a problem of shearing
the load into the substructure, the shear properties of the truss were made equal to those
of the materiai continuum.

It was then possible to apply a shear load to both the truss and an element from the elastic
slah, giving,

'Z’d xdz

—

Ax —>f
_D\ ?E(xdz o

\, T

Tdx dz /\( dea/z 71 TL - JX

. s
- i <—- A T
Tdxd= _ oz Thick

The displacement across the corners of a gjuare element is: A= 2 EH V) Telx

The displacement of one of the diagonals of the truss network may be calculated as follows:

where this would be the displacement of a diagonal,

(BT dx) il

A =
T Aok AdE
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Equating the disglacement of the truss diagonal to that of the homogeneous element,

L =D

V32 (1+V)Tdy . TdxPdz
£ A, E

A Axdz

o yz(w)

At this phase it becomes necessary to define ZxAz in terms of A of the truss. To
datermine the loads in the truss members for an axial pull, the following use of the
schematic was made,

S, S /’ﬂ[g-é’

} S;f”;
@.l /L_*
N

t 7

——
P2L

The internal strain energy of the system is,‘ V=S ——= ZAE

where P is thé load in any member and L, A and £ are the length, area and modulus of

elasticity, respectively.
] (B E] 2dx
ZAE 2AE j(

[1/2—('2'"'?/ Vz-a’sz

ZAE

Minimizing the energy with respect to the unknown:

U . 2Rk, z(ﬁ-ﬂ,& HE-RA2)dx
3R AE - A, €

| 528
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W EL R
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- Ao-‘-zy 4
Solving for R,
B ror *-(7 {4iAvz A /

With the 2bove expression for A the displacement in the direction of the load 7 could
be determined and comparision made with a simili.r displacement for a homogensous
element, making use of the following diagrams:

[74 u
e ~———p
— -
P ! » P P
e e s —tlfr— —
[Aa+21/",4 P4 ~ A x
Z(4g+72A)] " 4x “T Ixd=E
ARE

4A(Ay+YZ D)
a/ ‘Z ) /40 f‘ZV—A

The experssion was substituted into the previous experssion for Ao, giving

Equating « 5,

4 - dxdz _ 4A(Ao+VZA).
0" VZ(1#9)” (Ay FZVZA)VE(77)

Solving explicitly for A, in terms of 4, we lave

zA[-u+sz+ 2(1+v)

°" VZ(1+v)

SIMULATING A HONEYCOMB WITH A CAP AND SHEAR WEB STRUCTURE.

In the analysis of an elastic slabon a flexible base (sandwich coustruction) it was necessary
to simulate the sandwich econsiruction (considered a honeycornb) by an analogous structure.

In simulating -honeycomb construction, it was felt that a cap and shear web type structure
would provide an ideal analogy. The horizontal caps were analogous to the face material,
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the shear webs to the honeycomb and the vertical caps to the compressive strength of the
honeycomb, The properties of the honeycomb are assumed as follows:

.01t

_1
-5

AT

Density (©) = 9.6 LB/FT3
3/16 cell size and . 0015 foil

e——

NOTE
The honeycomb sandwich is stainless steel throughout.

In determining the analogous cap and shear web structure for the sandwich honeycomb
structure, the following program was followed:

Cap and shear web:

L a

fe— B

L-—j;-—v

Ak Thick

Honeycomb oz thick: Ag=((0/t)dz=.0lod=

A, was made equivalent to soiid material per unit of honeycomb.
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Honeycomb area: = —Z—é—dz
Density honeycomb: (4 )=.00556 (8/ /N <

Density steel: (o) =.283 L8//W?

LH . 008 _ 0
Ps .283

b
A =[Eb-dz 0196 = 98(—-] A,

. b
Since z~ would be known, 4, was taken as a direct iunction of 4.. The shear web area
would he getermined also by the consideration of reiative densities.

h=.0/96 Az

/?6
b=ty

To determin: 4. for the cap and shear web as a funciion of 4 of the truss, the fcllowing
anaiysis was made:

,4'4 -2 [u"’v+2{1+v
V2 (1+v)
P P
(RO, s
Elas-tic slab
i
P P
——r— lfrarm—

Cap and shear web

I'he load in the horizontal member of the cross diagonal truss would be,

[ Aot2/24
Zoin)]”?
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Substituting for A, , . ZA(—Vvazf»Z(/f»v))v‘#(/w)/)‘
T 4] 2A(-vE/ T agm)p 201494

, F2+Vriy+2(1+V)
RT = ZZ ——— P
LI+ VIR 2(1+0)
Displacement 2L PL [ 2+rv+VvEe2(try)
[74 = ==
r AE, 4/95,/ I +YV2+2(11 V) /

The displacement in the horizontal member of the cap and shear v.eb being,

P
—Z—L PL

Uy = =
¢ AcEc 2A:E

The two displacements can be rated accordingtothe displacements in the actual materials.
The displacements were calculated as follows:

Elastic slab: PL

l*— L —*'I “5=(Zz:’;556
B

— dx s

|

&z Thick

Honeycomb:

I‘— g o

2 l » b 1 Az Thick
— | I — Ax
RE
P,
TL

“n= (-o1dxdz)Ey
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Therefore, equating 25, ug dzaxf,  wy. 02dxdzby
—r T T L
« E
SH 5, L
Ug Ey

The displacements for the idealized structures were then substituted in the equation,
giving,
_PL_
Es bty 4 _ 24 Ec

9o m— = -_— =
CEy 45 ur PL [z+u+/dz+2(/+u)
$AETL 1+VvZF2(1+V)

YvEr2(1+v) )
5p = 2A(1+VvE+2(1+V) )

T A (RVHyEF2(1+V)

cr,

A+ 2(14v) )

A, = \
Co a25(2¢V+IWZH2(1+)

The energy stored in a shear web can be visualized by use of the diagram:

t Thick

__.—h.q'
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The energy stored in a beam loaded in the follow.nz manner can bz presented by the
expression:

L4 P
yZ I‘Ai L;j_ p-z_ex
. e
—p { -—»
2 | £ s
t————e [ X
2 L
szL/wz?x) de _ [P0 F)
° Z2AE 0 ZAE
pe x2 x3 7¢ rZ L
= —— -—— o — = — - —_—
22T T T30, 2.45[L “3/
p?
P
6AE

MINIMUM POTENTIAL ENERGY METHOD APPLIED TO AN ELASTIC SLAB ON A RIGID
BASE.

In order to help substantiate the previous work done with the truss analogy, the same
problem was analyzed by the method of minimum potential energy. This method was used
as a check ondisplacements ordy and should not be employed for the calculation of stresses.
The particular analysis based on plane strain; the problem being presented by the stress
diagram,

4 y,v
. ip Q t
O‘; = /Pst Elashc »lab ’
ey

| Lo
T,

Rigid Base

The slab has a unit thickness in the Z direction normal to the paper and is in a state of
e strain.

The above stress distribution shown onthe slab was based on a constant temperature chang
throughout the thickness of the slab.
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For the particular problem the potential energy |/ was defined as:
7 =0 7
V=//Wdfdx:/fu/y
J o0 o
7 : ! .
where, w=3/}(<5,,+éy)2-:-G(ex"ﬂsy‘z)Jrzcv‘r;’f,(y ?)
The symbol T, is the surface traction moving throug™ the displacement « at x=0. In the

problem 7= -7,

It was stated previously that the d.splacements .ere e'. zen such that displacement
boundary conditions were satisfied in an arbitrary mamner by chocr '~ the displacements
as continuous functions of the coudition of continuity of {he - crial was satisfied,
The displacement boundary conditions became, « =0 and v=9 af y=0 and'x=0+co
The displace- ient functions chosen to satisfy this boundary condition are:
( & CFT) -, % 2 o+t 5 X
= . - B. e
7 %A iy )c’ +( %__ iy o
Zz +7) ~o,x [ 2 7} X 5%
- Cit1) -, : ) -z
d (a Ciy )e *(% Dy Je

These two functions contain fourteen degrees of freedom. From these functions the strains
became:

2
dut ( ; -, X 2 (rT) -~
Ey =5 = -X E A I4at4 X ( 8 2 X
X" dx S a4 e 2 % Y o

dv 2 . ‘7 2 .
N A A P

du Ov 2 o (] - : ’ -
a_fﬁ;*:ﬁ@ Aili )y oo o[ B (e 1)y
o (ﬁc () o0 X _ ¢ (ZzDz "H) max
(2 Ciy" e 2(s Uy e
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The derived strains were substituted into the internal strain energy expression ard the
displacement, U, at x = 0 was substituted inte the external work expression. The resulting
expression for the potential energy being,

fo/ <[2"/‘*’)5 - iy T
2 . : 2 +17 ~HKaXx
+[‘OSD"/1+1)_,/‘—942§_ B‘lfﬁﬁ 2)
2 . 2
(4,5 A z+? -, X _ g ¢+1) “z,i/
+G<[( 28" 50—- iy
2 o« 2 ©o 2
‘f‘[ga((f")yle- ’X'f';D[((‘ff)y‘e “Zx«/)
G /2 Coox 2 ,
* —2——<§ Ailit1)y'e ™™ +}.; Bili+))y'e 2"

2 .
-a(,% C’,‘g” o, X —“Zz D‘yu--/ —o(zx) dydx

! 2 ] Z (t7
-/F-’)/—Z"iy‘”"z 6.y *")dy
0 7] (7]

whe: .V = 4 g and £ = /0¢ P5/ for the particular problem under consideration,

The potential energy, V, was then integrated between ihe indicated limits, and the resuiting
expression for V' was minimiried by taking partialsof V withrespectto each of the unknowns,
The resuiting expression contai..a fourteen nonlinear cquations in fourteen unknowns, The
fourteen simultaneous equations were programmed using the 1620 computer of Saint Louis
University, The results are:

X, =.227€ oLy = 8858
SUB-
SCRIPTS A B c D
0 2.262x10"7 ! -31.52 x 10-7 .3682x10°7 | -1.455x 10-7
1 -8.175 x 10-7 33.48 x 10~7 | -.4275x10-7 | -8.468 x 10-7
2 4.681 x 10-7 | -13.83 x 107 . 0630 x 10-7 3.078 x 10-7

V=-4.24%x10"7
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Substitution of these results into the initial equationsfor displacements, there will oceur ar
the forward edge where x =0 and ¥ =017, the expressions:

wu=(~29.2584 +25.3054%~9.1494°) ¥ 107
v =(~1.05684~8.895542+3.141y%) %)y T
The displacements of the top surface of the siab at #=7 and x =0 » > were,
= _/(232x/0—7€ - 2276 X "”-37/"!/0—76 —. 885 %x
V=.0037%10" 7 ~-22T6X _¢ 45,7, ~ERSEX
A plot of these displacements are shown below, The scale factor being:

Displacements 2X106=11N,
Original Dimensions 1 = 3 IN.

=-13.1 u =-8.73] u =-5.88
v =-6.84 v=-4.40 v=-361
/ A

= -9, 45
v=-237

u=-5 88
V=
u=-3.30 ’

7777 777777

NOTE:

All displacements are at 10-7 in,
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Upon substituting the results from the previous relationship into the general aquations, we

have,

Ex=—(2276)(2.2624-8.175y %+ 4.68143) % 1o~ 7¢ ~-227EX

~( 885¢) (~31.524 +33.484°=13.83y 5 )%, p T = 5L
€y =(.3682-.85504 +. /gyoyz)x -7, = 2276X

+(~1.455 -16.936y +9.2384%) 1o~ T, T EFEX
Ixg =[(2.262-16.8504 + 1#.0434%)- 2276 (36824-42754%0.063) 15"

+/-( -31.52 +66. 76y -41.49¢ ) J’Jﬁ’!{ 745'55-[45]324_‘3 07;53)_/ I e

-7 -

.2276X

7 —~ L858 X

From these strains the stresses were determined and the interface forces calculated in

order to check the overall balance, The forces being:

-0
2 of forces in x direction (4=9) -7 =f GIdx
[2

- g - 2276x ) -7 -~ 885
,7=fG/2.262X/0 7o -31.52%," 7 858X [ Ay
o

2 262 -7 - 2275,\' 31.52 358 x -7 - &F58x

=1=G| 3776 *10" e -T75% /0 € o
x,,¢)2.262_ 3152 Jx —7a - 866
or ~71=.33% /a/ 5276 ’?’ﬂ/

These expressions indicate that the interface sheat was low about 13 percent.
The stress in the ¢ direction at the interface being at y=0,

vE 3
y* Faan€x? €9t 75 €y

H'/o (6 - 2276x x -7, .Jl.fh?
82" -1 455
7Y " (148)( 0%) o0 e

-7 = 2276x

X -7 -.0858x
e —1455 "0 ‘e )
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S of forces in g direction, was y °r 48 / P .
0= T 1] ) 3570 2276% ~. J&??
/V-‘/dx -'//—-M- +_/64‘.J) 3ze l.455¢ Ax

P (3582 —.2276X 1455 —.335'&) /
(44)(:443)( 2276 € 4758¢ 1
.52 36se. _ 1.455
= —. 0/
’04.)(/449( 2276 fmr) 0178

The vertical loads show values reasonably well in balance. i

To determine = of the moments about the forvardface, the foliowing expression was solved:

o
5’=J/ryxdx
0

/(0 4(14.5)/! (3682xe 226~ 1455 xe J’#J"l:)dx |

.52 3682 _ 1455
( 04)(1-9)\(+.2276)*  (+.9858)?

s s

5= 4.6/

The moments appear considerably out of balance, indicatingbeing that the original assump-
tions for displacements do not satisfy the equilibrium equaticns. However, this is not to
say that the original equations were completely incorrect concerning the displacements.

.
[S——

'
-

The previously presented protlem assumed the original displacementsin terms of fourteen
unknowns. The analysis would correspond to fourteen degrees of freedom. To make the
problem move tractable, eight of the unknowns were set equal to zero. The problem then
reduces to six nonlinear equauon with sixunknowns. The displacement equations were then
presented in the form

- \
e amod

g
[P

-, X —Xy X

U =~ /’oye + Boye

—~2 X

V=Coye %X 4+ Doye

[

Incorporating these displacements in the equation for potential energy, V, and minimizing

with respect to each unknown, the value of the unknowns became, ii X
o, = 2277 z
Xz = . 8868 Co =~.1509%,77 i
Ag = ~2.677%¢"7 Do = ~2.990%¢ 77 o
By =-6.483%077 V = -2.265%,77 §
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The computed values makes it possible to present the displacements of the forward surface
of the slab in the following form:

w=~2.577% 1,7 ~6.483%,77y = -9.06%,,77 ,

V= 1509557y — 2990 = -3.141%,, Ty
and displacements of the top surface of the slab as
&= -2 5—7';)( ~7 - 2277x __ 64‘83 '7 - 36’53’)(

V= - /50? "7 - 2277Tx -2 9? x -7e -. 4858 x

The displacements were plotted as shown below. The same scale given in the prevz s
analysis anplies.

u = -8.46 = -4,72

v= -z.oe} \ - -1.24} \‘. B

—es

u=-9,06
v =314

Linear

T

The two previously presented problems =ssumed the criginal displacements in terms of
ten and fourteen unknowns. It is now- the ir.ended to solve the problem with four of the

unknowns set equal to zero.- The displacements equations would be, of the following form

u-/Aoq*A;y")e-“'x"’{g’]"a".‘/z)e ~oax

v (Coy+Ciy2)e %% +(Dog+ D,y 2)g =% 2%
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Incorpor:ting the preceding displacements into the eqnaticn for potential energy, Y/, and
minimizing with respect to each unknown, the salue of the unknowas became,

o, = .22‘76

oty = £85F

Ao =-119%,"7

A, = 1.97%0 %

By = -Z.144%,"¢

8, = 78%, " )

‘o

il

1]

2.72%57%

-2 76%,,~8
=2.02%,,77
~4.54%,,77

~4.096%,~7

It does not appear necessary to chow a plot of the external displacement. However, a
plot of energy versus number of unxnowns is in order. If it is shown that the energy
achieved a stationury value, tue potential erergy solution presenis a tractable solution.

Figure 5-16 shows that the potential energy approaches a stationary value, which lends
assurance that the solution involving fourteen unknowns presents, the trantabie solution for

the original! assumpntion ~f dishlacerments,

—_——
- 5 . 3 i ) - i ]
6 i0 14
Unknowns

Figure 5-16. Potential Energy Curve

5-38

I R '

PR

s e



W v

Mo

e

oo pwemed oo WEN B RN wean

MINIMUM COMPLEMENTARY ENERGY ANALYSIS OF AN ELASTIC SLAB ON A RIGID

BASE.

The problem to be considered is that of an elastic slab on a rigid base 2s shown in the dia-

gram,
4
4
?
e 1
iz Elastic Slab f 1
] {
- 7///71’7/‘///7*"'—l

Rigid Base

The analysis was based on plane stress with the stress components chosen in the following

form:

oy =flg)e” " +g(g)e ~">"

’ ., ’ -
N
I

The above equations identically satisfy the equilibrium equations of elasticity:

dox O

X, Y
2y +o"x ¢
o0y  9Txy _
W'—*éx 0

The functions /(y) and 9(4) are of the following form:

f(4)=A+8y+Cy?; 9(g)=D+Ey+Fy?
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The constants A thru ¢ were chosen such that the following boundary conditions would be
satisfied:

Ty=0 @ y=I and X=0re°
Txy=0 @g=1 and x=rc°
Ox =0y @ g=0+1 and x=0
Txg=0 @4=0+7 and x~0

For these conditions to be satisfied, the following must be true:

@y:j arnd X =0 — oo

A+rB+C =0
D+E+F =0
B8+2c E+2F 0
<, 7 ez -

@ Y=021and x=-C

2C 2F Bt2C, EfZ/-}
—_— = —_— o — =
o<, 2 0(2.2

=05 .
%0} T, o, 0

Since it is not desired that the constants be functions of 4, the following relationships must
hold:

s __£ ;2 __2F
o <z ’ oy X2z

- —

-2 Fot 2F
- - 7,
( clg r:,(‘zz 0

o, =X oL
For22 )= hat. 378
X, X,
2
- %,
20 %2)
2¢ +°‘/°7a

oK, 2 x,mXy

=

%

€ = (05~ L2 X2 (Fdaey e 2
- o ~0y/) 2 x,-xz )] 2 ©

5-38

[Spe————y

4
Sanarmaread

L T B~ R -



e v s vt e

o N 4 s

'
* egr Ad

et
[

2
X, “kHTg

2 (X~ ) :

a8 ( X 0‘2‘70 -
o(, 2(0‘/""2)

o, 220
C)!

-é'_ 2 o, 2% g,
Xz 0(2 2(et, ~ot2)

8=

°(le Jo

E=- <

K ik 2Ty o E e 0

A= L7202 20
(¢, = oz) " 2(:~%z)
/4_._ %% o, Up
2(0‘1""2)
» oy gy K™ 2"0p
oi,‘d;_ Z(ﬂ‘[“dz)
D= C‘(,O(z aa
2("‘/-0‘2)

The complementary energy relationship becomes

v*afwatv-é T dS
14 «

The terin, ¢/ is that part of the surface over which displacements wers prescribed. In

-~

the particular case ¢, ~ 0, which allows the expression,
-
v¥= / / Wd xdy
oo

where,

We g (5% + )= [y ] 5 (Tig)*

1) -2 (.9 )Z ~20pX 2" —(Kite)x

v -//[ZE[_) +d2¢x“"
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2 - -2 - - /X ” -2 4
+/.‘e 2°(/X+52 G(ZX /, { *‘7‘2))(] [i =3

_f__ ~ (o, +ck2)x i --{a(,+a(z)x+ ﬁ/lé _ZO(Z’A]

0(/ 2 0(2 ol 2
(?'}2 —Zo(,x [9 )Z _szx 2/'9 - (; fo(z),i]
+26[ o(,az dydlx

Integrating the equation for V¥ gives

4 n) 2 I/)z ”_ 2
2 ¥4
¥ =f sz /4 . (9% £q £ g

- + =t
2X, 7 2o, & ol,za(z(a(+0(2) 2%, 2

2fe T Y[ _Fg 7" 39”7

7 +
K +o2) [ E (243 7 o, pohy) a3t r o) T 2,3 )

1 [(£)*, (3)* 7
Zcr[ 2,3 20(_2 *,x,«z@,mz)/jdy

L8, 02
y*_[1 [4C%  4F% 4CF + A%+ AB+3 AC+ Tt
2E Zd/‘f 2“25 0(/20(22(5(’_'_0‘2) 2“,
F2
. p2ppE» 2DF+ EvEE 4+ £ . 24D +BO+AE+30C+BE+AF)+SEEEE 4 %?f]

2, (*) +o22)

) [zAc+8c+;c= 2CD+CEvE CF . 2AF+B8F+ 3 CF
E 2“,3 ac,z{ot,-f-o(;_) 0‘3_1(0‘1*'0(1)

2DF +EF+ £ F2 2,280+ £02 Errzre+ dF2
2Ky 3 ZG 20¢,3 2,3

+ 28E +ZCE+ZBF+3 CF] ;
o, o o (O( ‘/‘0(1) -

Tne ahbove equation was simplified by expressing B and C in terms of A,,and £ and F in
terms of D, giving,

C=A 55-20
3=-2A F=0
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Tarls ascw SRAE i i

y - | 1 [<A%  2D? 4AD A2
OF o{/s_-f'o( = +o(2 p +
2 / 0(2 6;\/4-0(1) /00(,

» DX 24D 7 v [A*_ _2AD | 24D
1052 Sl re)] E[qu' 3,,(2(0“0() 34, (a(+o<2)

] 2A* , 2D*  SAD 7
30(2 76‘ 3,3 30(23 30(,%2(0‘, fo(z)J

Substituting for 4 and 2 gives,

y¥_ [0‘2 7 = 0% oz Te*
2, (oX,~ dz)l 20¢, @(,—o(,_)“- (A,—dz)(ocﬁ-df)

2 2
o(,‘;»o(z_z 0'02' o4, 04130'62 o(,‘;o(z‘? 0o

4o (4, —%2)* * 4-0(0’,—0‘1)1 10,2 - 0,2 )(* = %2)

- g[:’il"f%a _ ot g2 05” _ o, Foty 057
E fz(a:-"‘z)l 6('/94/-"(3)(0(/2-0(32) 6("‘1""2}(0(,2— dxz)

R PR MR R = e AL
12(e,~ 0‘1)2] 6(c¢,-2)* 6 (x,—0tg)?

200 200,205"
et

Combining terms of the equation gives,

y¥ g__o_.z __~______.°<33 + o, -
+E “;0‘2@(," dg_)z
[ (36,005 + S, oty 4 Ao o, 0ta™)# V(o %, 96 0t S~ 4o «,‘m‘)]
606’ (al,— 2) (o, -o(,_")
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=y

y 3 : 2 i
To° [(3X, otz + 30,2t a3 1 4o %, %a* + 4o, *x ;)
240E

("(/ "0(;&)1

+ Jo l} /-("'7u0¢ X4 —700& r)(n + 4o, otz -4-4()51 o~ )7
24DEL ( , dg)?‘ j

In order to have a minimumn energy expression for this particular form of the stress
components, the following conditions must hold:

ov¥
o,

av¥
-0 2 _o
0')°<1

The stresses we.e then written in the following form:

/;’, 0‘2

ER Tt 2)(7—-2y+f)e" a

2(0/,“;)(7 24%7%)e Dw_(/

- ok -
Ox = —(ro[n.iﬂ o ox _ T Ky X
(A~ X, (¢-x)€

o D 2]

The solution to the previous two equations, as determined on the 1620 computer, was

oy =TI oy =.T62

Use of these terms reduces the experssion for the stresses at the interface (g = 9) to:

-7 78 ~.762
A G’lj ='GBZG.26g 77 x——,j‘Ze x]

Oy = -03/-//06-7'”&(“/.775 ~.7627 ) ;
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ANALYSIS OF STRESSES IN AN ELASTIC SLAB WITH A HONZIYCOMB SUBSTRUCTURE.

The problem of an elasiic beam on a honeycomb substructure iz given schematically by
the following diagram:

£ (Z), &(Z), wz)

Ch

\
l LTI

ES; og, Vs
The assumption considered were:

1. Temperature, /7, coefficient of thermal expansion, ¢ , modulus of elasticity,~, and
Loisson’s Ratio, V', of the heat shield material are functions of height z.

2. Temperature, 7, and mechanical properties of steel remain uniform.
3. Thickness of steel plates, (45, is small in comparison with height 4s .

4. Plane sections remain plane.

The boundary conditions being:
mitialiy: (€=0)
Gx=XET O0<£Z%h
For the faces: 03 =Xs5£¢75 o= €E=(€o+KZ)E

Forces:

4 4
ZC'/zso‘-l-fo'a’J =f£o( Taz;HZESo(s?E Cks
0 o
- A  §
Chs(E,)Es +Chs [Eo+KChs]Es + [ (€oKp)Edy = f&'«?{; +2E505Tp Chs
. o - ]

A ' A
€o[2Chs Ey+[Edy J+K [-Chs*Es ["1_-—;4;‘, = of ExTiy r2Es0i5 To Chs
(-] a -
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Moments: h A
~Chlr+ [ a3di=f ExTidi~EsxsTo Chs®
55t Ty =) Exlydy-EsxsTo Chs
2 7 A ; 4 ;
-Chs ﬁo"'K("éS)_/Es*f(éo**/(;)fgfn{;“ffa‘@d;"fsds Chs?
o o
r 4 A
7 2 - = -
€, [~ Chs?E; v‘;/:E;al;_/+K/:C/z5 t‘,fafé_; ?;]-offdgd;-fsas/oﬁsz
Simultaneous so.ution of equations (1) and (2) yields:

() EuTalz s 250 T Ch [ Chs*Eor Jy Edlz]-[2ChsEs Hf ]y o TzcdzEscts To Chs 2]
(-Chs*Es +/o hEz‘&]Z: Chs?Es +/£I'EZJZ] '[ZC“sEs""/; ”EJZ][;-C% safsf- /o I'Ez A z]

_=N[Chs®Es 1-/; ,2'242_74- Df, fo&Ea Tdz+2E5%5 70 Chs)]

&
° DL2ChsEs+ [*Fa7]

The ferms A and D are the numerator and denomirator respectively of the preceding i
equation for /(. The resulting stresses heing: :
Gys <(€st KZ)E ~TE  (Heat shield) :
05 =(€p-Khs)Fs—xs7; Es (Bottom plate)
Oz =€gEg~ayT, Eg (Top plate)

ANALYSIS OF PLANE STRAIN STRESSES IN AN ELASTIC SLAB ON A HONEYCOMB
PLATE.

The problem of an elastic beam on a honeycomb yiate, given by the following schematic,
was congidered. .

Aadtps e

Plane Strain
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The plane stress solution of an elastic beam on a honeycomb beam can be resoived into a
plane strain solution for an elastic slab on a horneycomb plate by making the following
substitutions:

== Eo= =5
£ s= i
v v
Y x Ve = —=
4 7-v s 7~ Vs
& = (1+V)x Ks = (T 15 )axs

& s hE£, EsoisTy
L e BT kT ok o1 [ 20 S, i eIl - i S chy’]
[C/la z-é; +/‘ £ sz][(‘-Iis" £ +/‘/ e zdz] lo—ZC/zs,_,,g ,E;,..d 7[2’&; i 4 zds]

Iv*

= T~y
EO= Tt o 1y

D[ZC‘:,,VI-;»/ J ]

The terms N and D are the numerator and denominator stresses respectively, of the
preceding equation for X ,

The results being:

Tns =(€ot K2) £~ 2L5 (Heat shield)

os= Sobs _skLs  (Bottom plate) , A
7-332 7-Vs .

73 =(€o —Klz:) et o"ré(Top plate)

ELASTIC SL.AB ON HONEYCOMB PLATE.V
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Consider the case of ane¢lastic siabon an element of horeycomb plate as shown by the above
schematic, the assumptions for the honeycomb beam being still valid:

Initially e,(:ey =0

q"x = O‘y o — ‘
Force equations: ) i
h i

zcksa'+fq-dz=/ T dz + 255 T s - ,
% .

[,

1 Hs(€)ts |, ChsleorK(H)JE: |, /4(e¢+/( DEdz _ rroure »2Es 7oy
7=s 7-v; o 7-v 4 7V 1-y

5
e
[——

[20‘555 +/‘ ¢ fdz ] /{[ Ci*£s / 4 fzdz =/£.XH‘ 2E&, xs 75 Chy
0

v 7% v % 7V 7w
Moment equations: ' 4 Iy
_C/zs T +/ rzdz ‘-f O‘TE = 2oz ~ f’:"x" 70.Cles*
: _ Chg (é°~/(AS)E ,r/G EotKz)Ezdz /‘ dTEz(:. — L5 7 Cﬁ 2 )
1-Vs % 7-v “° 7-v T-vs

-Chs*Es Ez:{Z /{L[/'SES gfzf{‘z]-_: houJEzde _ 5}“(37-54
€0 [~ - Vs /0- ] 4 /-v [ -V I 5

2

Ke =%
- ChsEs | Ezd Chs ‘fi 4 E'z.d:. 2Chsks b £z - Chshs 4 Exlls
7— */ ]/: 1~v# o 7- v--/ /-m ° v dl 7705 T4 /.,—]

/v 'z k & -
A ,_.fzu"—ﬂ 5 Chs][-Chs'la o [ E222] [ «r&fz ,_":;M Y el 3

: [tz -
%« N[ C‘s‘Eg ’ Z ]+.DDOI'°‘ZF ZE..S Jr— c/ls] _

60 7-Vs )
? [ ZCZ:E Edz }
} 7-vs ' , i
§ The termms & and 2 1ire the numerator and denominator respect:vely, of the preceding s
% equation of £/, the resuiting stress being: a
¥
M Kz)E
' T s = Ty = (€0 + 5 - “7? (Heat shield) S ' i]
: S . %
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Trs = Oys = (€0 ~Khs)is  XsH b
7-vVs  71-Vs
€o Ly _ s To£5

Tics ~ Ts= 5o,- e (Top plate)

(Bottom plate)

|

1

ot weswrd

7;5;_ -0y [*-84-68—7' 776x+-34-6e-'762xj

¥

‘
P ]

- .591 PSI

[ s
1l .
(L]

Shear (PSI)
'S
]

o —
) ’ 0 1 1 L e
) 0 .5t 1t 2t I E
! Distance Along Interface: (Thicknesses) . l o
i 4 : Figure 5-17. Shear Stress Versus X . F
Ag /-—- —i - )
LB ) 3 1 ) A
. 5t \lt 2t ]
g 172 PST , e
1 ’ ) : :
=
. B
A -
g
@
| -
o 2.94 , Distance .‘long Interface (Thickiies.ies)
i B i -
i Figure 5-18, Peeling Stresses Alorg X Axis
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APPENDIX B
SYMBOLS

The syrabols used in this report ace defined as follows unlescs otherwise gpecified:

GENERAL.

A Area - FT2

c Specific heat - BTU/LBM-°F

D Diameter - ft

F View factor - dimensionless

P Acceleration of gravity - 32.2 FT/SEC2

9c Conversion factor - LBM-FT/SEC2-LBF

h Convective heat transfer coefficient - BTU/FT2-SEC-°R
H Enthalpy - BTU/LBEM

J Conversion factor - 778 LBM-FT/BTU

k Thermal conductivity - BTU/ F'i"—SEC-"R

K Equilibrium constant - dimensionless

L Length, thickness - FT

” Mass loss (or injection) rate - LBM/FT2-SEC
M Molecular weight - LBM/LB-MOLE

N Pérmeability of porous matrix - LBM/FT

n Mole fraction - dimensionless

n Pressure - LBF/ FT? —
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Heat effect - BTU

Net heats cf dissociation and decomposition - BTU/LBM

Heat of sublimation - BTU/LBM

Net heats of reaction - BTU/LBM

Heat of pyrolysis of solid matrix - BTU/LBM

Heat of phase transition of subliming salt - BTU/LBM
Heat flux -~ BTU/FT2-SEC

Material efficiency - BTU/LEM

Universal gas constant - 10.71 LBF-¥T/(LB-MOLE)-R

Radius - FT
Keynolds number - dimensionless
Stanton number - dimensionless
Temperature - °R
Velocity - FT
Specific volunie - FT3/LBM
Weight - LBM
Specific weight - LBM/FT3
Distance, thickness, or linear recession - FT
Linear recession rate - FT/SEC
coordinates
Body dimension - FT
coordinates

coordinates
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Transpiration cooling factor or coefficient of thermal expansion - IN./IN.-°C
Endothermic decompositior gradient with respect to temperature - BTU/LBM-°"R
Porosity - volume of gas/volume of system, or emissivity
Mass fraction - LBM of sait/LBM of system
Time - SEC
Planar angle - radian
Density - LBM/FT3
Viscosity -~ LEF-SEC/FT2
Wall shear stress - LBF/FT2
Differential
Stephan Boltzmarn Constant - 0.1713 x 10-8 BTU/FT2-HR-°R4
Solid angle - Steradian
SUBSCRIPTS
Apparent
Aercdynamic
Adiabatic wall
Outer edge of boundary layer
Effective
Gas
Chemiral species, = 1, 2
Local flow cenditions
Constant pressure

Radiation

B-3
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s Solid or sample

SM Solid matrix

sfay Stagnation point

Sw Side wall

7t Total flow conditions
7R Transition

¥ Waul

X6 & Coordinates

0 No mass injection

/,2,3. ... Designation for specified area

SPECIAL SYMBOLS FOR STRESS ANALYSIS.
Inside radius of hele in a thick cylinder, IN,
Area of cross section, IN 2

Outside radius of thick cylinder, IN.
Modulus of elasticity, PSI

Shear modulus, FSI

Bulk modulus, PSI

Length, IN.

Pressure, PSI

Load, LB

Shear flow, LB/IN.

Radius, IN,

{
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x

Thickness, IN.

Temperature, °F

Change in temperature, °F
Displacement in x-direction, IN,
Internal strain energy, IN.~-LB
Displacement in y-direction, IN.
Displacement in z-direction, IN,
Distance along x-x axis, IN.
Indeterminai2 load, LB
Distance along y-y axis, IN.

Distance along z-z axis, IN.

Coefficient of linear thermal expansion, IN./IN./°F

Shear strain

Change in length, IN,

Unit strain, IN./IN.

Poisson’s Ratio

Normal stress, PS:

Shear stress, PSI

Distributed load, LB/IN.
SUBSCRIPTS

Bond

Cylinder”

Interna.
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Initiai condition outer
Radial direction

Argrilar direction
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